The design of a high-temperature MEMS pressure sensor with integrated temperature compensation and signal-conditioning circuits is introduced in the paper, including the design and fabrication of pressure-sensitive chip, the temperature compensation method, the signal-conditioning circuit and the sensor's assembly structure. According to the test result, the sensor has the advantages of high accuracy and sensitivity, low temperature drift and 0V~5V standard voltage signal output. The range of the sensor working temperature is from −50 °C to 220 °C, which is suitable for use in high temperature environments
Introduction
Nowadays, the high-temperature MEMS pressure sensors based on SOI (silicon on insulate) material are widely used in the fields of petrochemicals, energy and electric power, and aerospace [1, 2] . However, the major defects of the sensors are parameters drift in wide temperature range and RFI (radio frequency interference) on the signal transmission link, which seriously reduces their measurement accuracy. The parameters drift on offset voltage and output sensitivity is caused by the increased piezoresistance and decreased piezoresistive coefficient with temperature [4] ; and RFI is due to small output voltage ranges in the dozens to hundreds of millivolts susceptible to ambient noise [5] .
In this work, the developed sensors exhibit less temperature drift and stronger anti-interference performance due to a 0V to 5V standard voltage signal output. The measurement accuracy of the sensor is significantly improved and expected to be highly applicable for pressure measurements in harsh environments with large temperature variations.
Fabrication

Design and fabrication of the pressure-sensitive chip
The testing principle of the pressure-sensitive chip is Wheatstone bridge, as shown in Fig.1(a) . The stress distribution of pressure sensitive diaphragm is shown in Fig.1 (b) . The piezoresistors should be placed at midpoints of the four sides in the diaphragm for stress concentration, in order to improve the sensitivity of the sensor, as shown in Fig.1(c,d) . a square shape is application in sensitive membrane, as shown in Figure  1 (c). Generally, a sensitive silicon diaphragm of thickness h with side length a should meet the following three requirements: first, output linearity requires that the sensitive diaphragm should follow the small deflection theory model, which means that the maximum deflection of the diaphragm is less than 20% of the thickness of the center [6] ; second, the maximum overload stress requires that the combined stress value (the difference of longitudinal stress and transverse stress) at each point on the film is less than or equal to 30% of the material rupture stress [7] ; third, the higher sensitivity output requires that the relative rate of change of the varistor be greater than 2% [8] . According to the shell theory formula [9] , the requirements above can be restated by Equation (1):
The square design is used in pressure sensitive diaphragm shape, as shown in Figure 1(c) . In general, the size of the diaphragm thickness 'h' and side length 'a' should meet the three constraints: 1) The output linearity requires that the elastic membrane should meet the requirements of the small deflection theory model, which means that the maximum deflection on the membrane center is less than 20% of the thickness 'h' [6] ; 2) Pressure overload derating design requires that the maximum overload stress on the film is less than 30% of the material rupture stress [7] ; 3) High sensitivity output requires that the variation of the varistor should be greater than 2% under the full scale pressure loading [8] .
According to the shell theory formula [9] , the requirements above can be restated by Equation (1) 
The developed high temperature pressure sensor sensitive chip is shown in Fig. 2(a) . The manufacturing processes is shown in Fig. 2 Compared to traditional manufacturing processes, a novel design in device area sink is used to avoid damage to resistances, metal leads and sensitive diaphragms in anodic bonding process, as shown in Fig.3 . In the case of anodic bonding, the cathode plate in contact with the silicon wafer is not directly pressed against the resistor strip due to the device area sink, which reduces the packaging residual stress and improves product quality and reliability.
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The metal plate directly presses on varistor strips.
(a) a traditional manufacturing processes in anodic bonding ;
The metal plate presses on the beams outside of the device area sink and varistor strips is not stressed.
(b) a device area sink in anodic bonding. 
Temperature compensation
The proposed passive resistor temperature compensation models for the sensor powered by constant voltage supply are shown in Fig.4 , and their output voltage expression of which are shown in Equation (2) and (3). [ [
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Where R1(T,P) to R4(T,P) are bridge arm resistance value under the temperature T and pressure P; Rz, Rp, Rs are low temperature coefficient compensation resistance which is temperature independent; symbol '‖' represents resistance in parallel. According to the uncompensated sensor's initial offset voltage, we can select the compensation model in Fig. 4(a) or Fig. 4(b) and the corresponding computational formula. The model parameters needed to test in advance involve the four bridge arm resistances at the temperature thresholds T0, T1 (T0 < T1) and the load pressures P0, P1 (P0 < P1) . These values are presented in Table 1 . The algorithm equations for passive resistor temperature compensation are listed as:
The temperature compensation requires that the temperature coefficient of offset and sensitivity are independent of temperature. This means that the partial derivatives of Vout(T, P0) and Vout(T, P1) with respect to temperature T must remain equal to zero.The Compensation model parameter values of Rz, Rp, Rs can be calculated by solving the Eq. (4) using MATLAB [10] .
Signal-conditioning
A high-temperature signal-conditioning circuit is used to amplify the sensor output voltage signal from tens of millivolts to 0V~5 V in order to improve sensitivity and reduce RFI. A high temperature operational amplifier (HT1104) and a linear regulator (HTPLREG05) produced by Honeywell (Morris Plains, NJ, the USA) are used, as shown in Fig. 5 . Where, Vin+ and Vin-are the output voltages of the bridge, Vref is the output zero reference voltage of the circuit, and R5 determines the output voltage range of the high-temperature signal-conditioning circuit, which can be expressed as:
Sensor structure
The assembly structure and pictures of the high-temperature piezoresistive pressure sensor with integrated signal-conditioning circuit are shown in Figures  6 . The device has the characteristics of small size, light weight, easy dismantling, and good sealing performance. The high-temperature pressure sensor can be tested using the calibration device shown in Fig. 7 in the range 20~220°C and 100~2000 kPa Test results for the uncompensated high-temperature pressure sensor is shown in Fig.8(a) , where the sensor's initial offset voltage is negative and the output voltage decreases significantly as the temperature increases. Test results for the sensor with integrated temperature compensation is shown in Fig.8(b) , where the sensor's initial offset voltage is positive and temperature drift is greatly reduced. Final test results for the sensor with integrated temperature compensation and signal-conditioning circuits is shown in Fig.8(c) , where the output voltage range of the sensor is 0~5V, the sensitivity is 210mV/100kPa and the total accuracy overall the working temperature is ±1.5%FS 
Conclusions
In this paper, we have presented the design of a high-temperature MEMS pressure sensor with integrated temperature compensation and signal-conditioning circuits. It can be seen from the final result that the sensor has features with high precision from 20℃ to 220℃, great sensitivity 210mV/100kPa and 0V~5V standard voltage signal output. It is expected that the performance of the sensor can be further improved by optimizing design specifications and process parameters, so that it can be capable of meeting more applications in harsh environments with large temperature variations.
